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Introduction
Stroke is one of the leading causes of adult mortality and disability (Hankey, 2014) .
Increasing numbers of studies are being performed to explore effective therapeutics for stroke. Stroke animal models play an essential role in the investigation of mechanisms and drug development (Strom et al., 2013) . Among these models, middle cerebral artery occlusion (MCAO) using an intraluminal filament (Koizumi J, 1986) has been the most widely used because it achieves minimally invasive injury, is easy to perform and results in reproducible infarct lesions. However, the infarction rate associated with intraluminal MCAO is heterogeneous among different individual studies, which might cause some bias.
Laser-Doppler flowmetry (LDF) has been introduced to guide filament insertion via monitoring of ipsilateral blood flow. When the regional cerebral blood flow (rCBF) of the middle cerebral artery (MCA) decreases to 20-30% of baseline, the surgery is defined as successful and could cause cortical infarction (Bodhankar et al., 2013; Fujioka et al., 2010) .
However, reduction of rCBF is not equal to histological infarction based on our observations as well as those of others (Taninishi et al., 2014) . Many other methods are used to verify infarction, including magnetic resonance imaging (Bihel et al., 2010) , laser speckle imaging (Akamatsu et al., 2012) and positron emission tomography (Martin et al., 2012) . However, these advanced imaging techniques are time consuming and resource intensive. Some animals die within several hours of MCAO, which cannot be predicted, even with the aid of imaging modalities. It is accepted that functional and behavioural changes precede morphological changes. A simple and economic method for predicting the outcome of the intraluminal filament MCAO model remains elusive.
Behavioural tests are routine procedures performed in experimental stroke research to evaluate neurological function in the MCAO model (Balkaya et al., 2013b) . Many behavioural tests, such as the rotarod, adhesive removal and mNSS tests, have been developed to evaluate neurological function (Balkaya et al., 2013a; Ferrara et al., 2009; Zhang et al., 2002) . In the present study, a battery of behavioural tests addressing motor, sensory and vestibular functions were used to provide a more accurate prediction of the outcomes in the MCAO model.
Results
MCAO surgery was performed on a total of 107 animals. Four mice died before reperfusion, and 6 mice failed to exhibit a decline (>70%) of baseline rCBF during ischemia and were therefore excluded (LDF-guided success 90.6%, 97/107). Twenty-eight animals died postreperfusion, among which 3, 11 and 14 animals died within 6 h, 6-12 h and 12-24 h poststroke, respectively. The three animals that died within 6 h before any behavioural tests were performed were not included in the analysis. A total of 55, 5, 9 and 25 animals exhibited infarction (58.5%, 55/94), no infarction (5.3%, 5/94), haemorrhage (9.6%, 9/94) and unexpected death (26.6%, 25/94), respectively (Fig. 1B) . The brains of all animals that experienced unexpected death were removed via autopsy, and it was found that among the 25 unexpected deaths, nine animals showed obvious blood clots around the Willis circle. The remaining 16 animals that experienced unexpected death exhibited infarcted areas that could be observed with the naked eye or through TTC staining.
rCBF levels are highest in the no-infarction group
As the suture was inserted at the right position, there was a prompt decline in CBF, which decreased below 30% of baseline (Fig. 1A) . A significant increase in CBF was observed in the no infarction group at 10 min and 100 min after MCA occlusion relative to the other groups. At the same time, a moderate increase in CBF was also observed in the successful group at 100 min after MCA occlusion.
Classification and distribution of infarction
The infarct volume assessed via TTC staining ranged from 1.45% to 33.96% of the bilateral hemisphere (mean 16.89%±8.78; n = 55). According to the infarction volume (IV), we divided the infarctions into three groups: minor stroke (IV<10%), mild stroke (10%<IV<20%), and severe stroke (IV>20%). Representative morphological characteristics of the three groups are shown as Fig. 1D . The percentages of individuals with various degrees of infarction were as follows: minor stroke 25.5% (14/55), mild stroke 38.2% (21/55), severe stroke 36.4% (20/55). The neocortex, striatum, hippocampus and thalamus were the most frequently affected areas of the brain. In animals showing different degrees of infarction, the infarct lesions were variable (S Fig.1 B) . The neocortex was the most affected area overall; the striatum was the second most affected area in severe and mild stroke; and the hippocampus was the most affected area in minor stroke.
2.3
Combined behavioural test predicted outcomes of MCAO
Correlation between infarction volume and behavioural tests
We considered the relationship between the infarct volume percentage and changes in the behavioural tests at 6 h, 12 h, and 24 h post-stroke. Only one positive correlation was found between the infarct volume percentage and the Clark focal score at 24 h post-stroke (r =0.308, P= 0.022; Fig 1C) 
Early prediction of death through behavioural tests
The scores of the death group were markedly higher than those of the other three groups in many of the applied behavioural tests (S2-S11 Figs). To identify the most sensitive behavioural test for differentiating early death, ROC analysis was applied to assess the sensitivity and specificity of each behavioural test to identify the test with the greatest early diagnostic value. As shown in Table 1 , a time on the rotarod>0 s, an mNSS>10 and a Clark focal score>17.5 were of medium diagnostic accuracy for excluding mice that would die according to the AUC curve, among which a Clark focal score>17.5 presented the highest Youden's index.
( Fig.  2A ) 
Optimization of timing and behavioural tests for predicting no infarction
We evaluated different groups at distinct times, as shown in Tables 2, 3 
Discussion
High mortality and high heterogeneity have been major obstacles in suture MCAO models (Aspey et al., 2000; Takano et al., 1997) , resulting in a waste of animals and medicine. Many behavioural tests focus only on successful models, without regard for unsuccessful models.
Our study first employed the most commonly used behavioural tests to differentiate animals dying within 24 h post-stroke and animals presenting neurological deficits with no infarct. In our study, we compared the relationship between the infarct volume percentage and behavioural tests and demonstrated that the Clark focal score was closely related to the infarct volume percentage.
Many imaging modalities employed to replace autopsy have been used to visualize brain infarction (Akamatsu et al., 2012; Bihel et al., 2010; Martin et al., 2012) . These imaging methodologies are costly, generally showing high acquisition and running costs, and lack a sufficient specificity, imaging speed and spatial resolution in small animal models (Nagy et al., 2013) . Thus, a simple, effective and economical tool for identifying the outcome of MCAO is urgently needed. Behavioural testing is a routine procedure for evaluating the neurological function of MCAO models (Hunter et al., 2000a ).
Rogers et al. (Rogers et al., 1997 ) demonstrated a significant correlation between infarct volume and post-stroke behavioural tests. However, many studies have found a poor correlation between infarct volume and post-stroke behavioural tests (Johansson, 1996) No single behavioural test was found to sufficiently reflect neurological function, possibly due to the multitude of underlying factors (Boleij et al., 2012; Fahlstrom et al., 2012) . Thus, comprehensive behavioural testing employing the most commonly used tests, including the rotarod, mNSS, and Clark general and focal tests, was conducted to evaluate sensory-motor function, cognition and explorative behaviour (Bouet et al., 2007; Chen et al., 2001; Clark et al., 1997) . These tests proved to be useful in the detection of neurological deficits after focal ischemia in mice, and the comparison of commonly behavioural outcome measures is shown in Supplementary Table II . Four different behavioural tests were ultimately adopted in our study; in particular, the mNSS and Clark general and focal tests are three complex neurological scoring systems , in which the higher the score, the more severe the injury is and including motor, sensory, reflex, balance and autonomic nervous system functions. In addition, the rotarod test is the most widely used test as a sensitive indicator of motor functional deficits.
The combination of behavioural tests was performed at 6 h, 12 h and 24 h post-stroke to identify the best timing for effective behavioural evaluation. An ischemic event gave rise to ischemic injury and neurological recovery. Previous results showed that behavioural tests assessed 24 h after MCAO are positively correlated with the extent of brain infarct (Aronowski et al., 1996; Rogers et al., 1997; Zausinger et al., 2000) . In contrast, other studies have shown that the extent of neurological deficit assessed within the first 3 h after reperfusion does not reliably correspond to the occurrence and magnitude of cerebral infarct (Senda et al., 2011b ). We did not evaluate neurological function prior to 6 h because postischemic sensory-motor deficits within the first few hours do not serve as a reliable criterion (Senda et al., 2011a) . Thus, we aimed to identify the appropriate timing for conducting a series of behavioural tests. Reglodi D et al. found that most animals exhibit obvious neurological signs resulting in a maximum score as soon as 2 h after ischemic insult and that this score does not change during the first 6 h. These researchers also detected significant recovery as soon as 12 h after MCAO, but no further improvement was observed during the first day (Reglodi et al., 2003) . As the result, to explore ischemic injury without regard to recovery, we selected 6 h, 12 h and 24 h post-stroke as the time points for observation.
Our study adds to the accumulating evidence that 6 h post-stroke would be the best timing for conducting behavioural tests for predicting death and no infarction. In addition, the mNSS and Clark Focal scores were more sensitive than the other tests. As for acute ischemic stroke (for large vessel occlusion), endovascular thrombectomy is supposed to conduct within 6 h from symptom onset currently (Powers et al., 2015) . Our study may contribute to exclusion criteria for the experimental study of acute thrombectomy. These data will aid other future experimental studies, as excluding animals that would die early will avoid the potential waste of expensive reagents if complicated experiments are to be conducted after MCAO modelling. Furthermore, individual variance can be minimized if no-infarction MCAO models are identified and excluded from analysis for investigations of neuroprotective drugs.
Focal cerebral ischemia leads to multiple infarction lesions in the ischemic hemisphere, for example, in the hippocampus, cortex and striatum. Neurological dysfunction can be influenced by cerebral edema within the first 6 h post-stroke (Toni et al., 1995) , while cerebral edema begins to peak 1-3 days after MCAO in a stroke model shown used by Chen et al. (Chen et al., 2007) . To avoid the influence of cerebral edema, we chose time points of 6 h, 12 h, and 24 h post-stroke to evaluate neurological dysfunction. In our study, 6 h poststroke was found to be best time point for differentiating mice that would die from the others and that was also the best time point for differentiating mice without any infarction from the others. More specifically, we studied the distribution of the proportion and position of the infarctions in mice exhibiting different infarction volume percentages. Different infarction lesions influence behavioural tests in mice differently. For example, Satoru Ishibashi and his colleagues found that striatum-lesioned animals showed an asymmetrically biased swing (Ishibashi et al., 2003) . Cortex-lesioned animals often present a posture of contralateral 5 forelimb flexion (Chen et al., 2002) . Multiple-lesion infarctions cause complex behaviour in terms of neurological functions.
There were several limitations of our study. One was that it is difficult to distinguish haemorrhage group using behavioural tests. However, the haemorrhage rate was relatively low (9.57%). More importantly, it was easy for researchers to judge whether the haemorrhage had occurred when removing the brain. Another limitation was that the behavioural tests could not be performed within 6 h post-reperfusion.
Conclusions
In conclusion, behavioural tests can help to predict the outcome of intraluminal MCAO in mouse models (Fig. 2C ).
Materials and Methods

Animal preparation
The experimental protocols were approved by the animal subjects review board of Jinling Adult male C57BL/6 mice (Model Animal Research Institute of Nanjing University, China) weighing 19 to 21 g were used in our study. The animals were housed in a controlled environment with an ambient temperature of 25°C and relative humidity of 65%, under a 12 h light/dark cycle, and were allowed free access to water and food. All efforts were made to minimize the suffering of the animals.
Observations were conducted once per day before surgery and once per hour postsurgery to monitor the health of the animals. They included recordings of the mental state, breathing rate and clinical signs. Animals found to be moribund were euthanized via CO 2 inhalation followed by cervical dislocation.
Experimental design
Our study was carried out as shown in S Fig. 1A . Behavioural test training (rotarod tests) started 3 days (-D3) before MCAO. Data collected on -D1 were considered baseline data.
LDF monitoring was performed 30 min before surgery to 30 min post-reperfusion. The animals underwent 90 min of ischemia, followed by 24 h of reperfusion. Behavioural tests were performed at 6 h, 12 h and 24 h post-stroke.
rCBF monitoring
Animals were anaesthetized with 4% isoflurane and maintained under 1.5% isoflurane using an anaesthesia system (RWD Life Science Company, Shenzhen, China). A heating pad was employed to maintain the core temperature of 37±0.5°C, measured with a rectal temperature probe. Ipsilateral rCBF was measured via LDF (Perimed Company, Stockholm, Sweden) with a fibre optic probe attached to the intact skull in the territory of the MCA (1 mm posterior/5 mm lateral from the bregma) (Ansari et al., 2011) .
MCAO model
The MCAO procedure has been described previously (Jiang et al., 2010) . Briefly, 30 min after LDF monitoring, the right common carotid artery (CCA), right external carotid artery (ECA) and right internal carotid artery (ICA) were exposed. A silicone-coated 6-0 nylon monofilament (6-0; silicone diameter, 0.19-0.23 mm) was then advanced into the opening of the MCA. Models that presented a decline (>70%) (Campbell et al., 2011) of the pre-MCAO baseline rCBF were included. Otherwise, they were excluded from the analysis (n=6). The monofilament was withdrawn for reperfusion 90 min later. All mice received subcutaneous buprenorphine (0.05 mg/kg; Temgesic, Schering-Plough Europe, Belgium) for pain relief at 1 h before surgery. The animals were maintained at 37°C during and after surgery until they were fully recovered from anaesthesia, when they were returned to their solitary cages in a heated (25-26°C) environment with free access to food and water.
Physiological monitoring
The weight of the animals was recorded before and 24 h after MCAO. The ventral tail artery was isolated and cannulated to measure arterial blood pressure, and a sample of arterial blood was acquired to test blood gas (PaO 2 , PaCO 2 , pH) and blood glucose before surgery and after MCAO. Physiological measurements are presented as a Supplementary Table I.
Behavioural tests
Neurological deterioration was assessed using a batch of behavioural tests including the rotarod, mNSS, Clark general and Clark focal tests. Behavioural performance before and after MCAO was recorded in the above sequence; the performance of each mouse was analysed by investigators blinded to all groups of mice. To achieve an optimal level of performance and minimize the inter-individual variations, 3 days of training were conducted for the rotarod test.
Rotarod Test
The rotarod test was used to evaluate coordination and balance ability. The animals were placed on a rotarod rod (Nature Gene Corporation, Beijing, China) rotating at 4 to 40 rpm for 120 s in the test (Bouet et al., 2007) . The time the animal walked on the rod was recorded (maximum time: 120 s) as parameter of the test. For behavioural training, the animals were trained 3 times per day (interval time: 5 min) for 3 consecutive days before MCAO until they could walk on the rod for at least 60 s. Animal performance on -D1 was considered the pre-MCAO baseline.
Modified neurological severity score (mNSS) points
In the mNSS points test, overall neurological function is evaluated according to Chen et al. (Chen et al., 2001) . The tests include the evaluation of motor (raising the mouse by the tail, placing the mouse on the floor), sensory (placing test and proprioceptive test), reflex (reflex absence and abnormal movements) and balance (beam balance tests) deficits on a scale of 0 to 18 (0: normal score; 18: maximal deficit score).
Clark general and focal scales
A general neurological scale (Clark general) and a focal neurological scale (Clark focal) were used for detailed evaluation of neurologic defects, which display a high correlation with the underlying infarct volume (Clark et al., 1997) . The Clark general test addresses the hair, ears, eyes, posture, spontaneous activity and epileptic behaviour of the animals. For each of the six general deficits measured, the scores in the six areas are summed to provide a total general score ranging from 0-28. The Clark focal test addresses the body symmetry, gait, climbing, circling behaviour, front limb symmetry, compulsory circling and whisker response of the animals. For each of the seven areas assessed, the seven items are summed to provide a total focal score ranging from 0-28.
Measurement of infarct volume
At 24 h after reperfusion, all animals were anaesthetized and sacrificed. The animals were first anaesthetized with isoflurane, euthanized via CO 2 inhalation, and subjected to cervical dislocation. Their brains were subsequently removed and frozen at −80°C for 2 min, then cut into slices with a thickness of 1 mm from the cephalic to the caudal portion. Brain sections were incubated in 2% 2,3,5-TTC (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 15 min before imaging. The infarct volume was corrected using standard methods (whole contralateral hemispheric volume-ipsilateral non-ischemic hemispheric volume) (Swanson and Sharp, 1994) and is was expressed as a percentage of the whole brain volume.
Definition of surgery outcomes
Four types of surgery outcomes were defined: infarction, no infarction, haemorrhage and death ( Fig 1B) . Infarction was identified as infarction distributed in the neocortex, striatum, thalamus or hippocampus, confirmed by TTC staining. No infarction was defined as an absence of any infarction in all areas. Haemorrhage was defined as any form of blood on the brain surface, with or without infarction. The 3 above groups all survived for 24 h postreperfusion, and death was defined as death occurring within 6-24 h post-reperfusion.
Statistical analysis
An a priori power analysis was conducted using data obtained with the same surgery procedure reported previously (Chauveau et al., 2012) , which indicated that a group size of 12 rats would be sufficient to allow detection of a 50% successful infarction rate for MCAO surgery with a precision/absolute error of 10% and at 5% type I error (Charan and Biswas, 2013) .
Parametric data are presented as the means±SEM, and non-parametric data are presented as the medians±interquartile ranges. Statistical analysis was performed using SPSS software (SPSS Inc., Chicago, IL, USA). Parametric data were analysed via one-way ANOVA and non-parametric data via Kruskal-Wallis ANOVA on ranks, followed by Dunn's post hoc testing. Correlations were analysed using Spearman's correlation. The level of statistical significance was defined as P<0.05. The diagnostic superiority of each single behavioural test was evaluated through receiver operating characteristic (ROC) analyses. The ROC analyses evaluated the sensitivity and specificity of each single examination for all possible cut-off points. Youden's index (Y = sensitivity + specificity -1) was used to evaluate the combined sensitivity and specificity of the diagnostic methods. As the areas under the curves (AUCs) are a measurement of the diagnostic accuracy of the instruments, the AUCs were compared statistically using a non-parametric approach. The medium diagnostic accuracy was indicated by 0.7≤AUC≤0.9, whereas AUC≤0.7 was regarded as indicating low diagnostic accuracy and resulted in exclusion of the data (Kottas et al., 2014) . The bars represent the medians±interquartile ranges. *P<0.05, **P<0.01, ***P<0.001.
